Obesity has become the most common metabolic disorder worldwide. Promoting brown adipose tissue (BAT) and beige adipose tissue formation, and therefore, a functional increase in energy expenditure, may counteract obesity. Mice lacking type IIb regulatory subunit of adenosine 3 0 ,5' cyclic monophosphate (cAMP)-dependent protein kinase A (PKA-RIIB) display reduced adiposity and resistance to diet-induced obesity. PKA-RIIB, encoded by the Prkar2b gene, is most abundant in BAT and white adipose tissue (WAT) and in the brain. In this study, we show that mice lacking PKA-RIIB have increased energy expenditure, limited weight gain, and improved glucose metabolism. PKA-RIIB deficiency induces brownlike adipocyte in inguinal WAT (iWAT). PKA-RIIB deficiency also increases the expression of uncoupling protein 1 and other thermogenic genes in iWAT and primary preadipocytes from iWAT through a mechanism involving increased PKA activity, which is represented by increased phosphorylation of PKA substrate, cAMP response element binding protein, and P38 mitogen-activated protein kinase. Our study provides evidence for the role of PKA-RIIB deficiency in regulating thermogenesis in WAT, which may potentially have therapeutic implications for the treatment of obesity and related metabolic disorders. (Endocrinology 158: 578-591, 2017) 
O besity develops when energy intake exceeds energy expenditure (EE) (1) . Therefore, increasing EE in key metabolic organs, such as adipose tissue, has emerged as a potential and attractive strategy to prevent obesity (2) . Adipose tissue, best known for its role in fat storage, can also suppress weight gain and metabolic diseases through the action of specialized, heat-producing adipocytes (brown adipocytes) (2) . It has been recently established that substantial depots of uncoupling protein 1 (UCP1) expressing brownlike adipocytes can be detected in the supraspinal, supraclavicular, pericardial, and neck regions of adult humans (3) (4) (5) . These adipocytes have been named "beige" or "brite" adipocytes. Under basal conditions, beige adipocytes express little to no UCP1, but UCP1 induction in response to cold promotes thermogenesis and EE (6) . This process is generally called "browning."
In several rodent models, browning of white adipose tissue (WAT) appears to be protective against diet-induced metabolic disorders, including obesity and diabetes (7) (8) (9) . In human studies, the abundance of beige adipocytes is diminished in older and obese subjects (10, 11) . Understanding the molecular processes governing WAT browning is highly important because this may uncover novel approaches for increasing EE and combating obesity and the metabolic syndrome.
Adenosine 3
0 ,5' cyclic monophosphate (cAMP)-dependent protein kinase A (PKA) plays an important role in activating thermogenesis (2, 12) . Active PKA can drive transcriptional responses in brown adipocyte through the activity of phosphorylated cAMP response element binding protein (CREB) and P38 mitogenactivated protein kinase (MAPK) (12) . The inactive kinase holoenzyme is a tetramer that is composed of 2 regulatory and 2 catalytic subunits. cAMP causes the dissociation of the inactive holoenzyme into a dimmer of regulatory subunits bound to 4 cAMP and 2 free monomeric catalytic subunits. Four different regulatory subunits and 2 catalytic subunits have been identified in the mouse (13) . Type IIb regulatory subunit (PKA-RIIB) encoded by Prkar2b is one of the regulatory subunits and is most abundant in brown adipose tissue (BAT), WAT, and the brain, with very limited expression elsewhere (14) . Knockout (KO) studies suggest that mice lacking PKA-RIIB exhibit leanness and resistance to diet-induced obesity and consequently metabolic disorders (14, 15) . The PKA-RIIB KO mice have upregulated UCP1 in BAT and increased EE (14) . PKA-RIIB deletion in genetically obese mice (ob/ob) increases BAT function and EE, leading to a reduction in body weight gain (16) . However, whether the browning of WAT is also activated in PKA-RIIB-deficient mice remains to be determined.
In this study, we report that the browning of both inguinal WAT (iWAT) and epididymal WAT (eWAT) is activated in Prkar2b PB/PB (PB) mice; in these mice, the PKA-RIIB is disrupted by insertion of piggyBac in the Prkar2b gene. Additionally, differentiated preadipocytes from the iWAT of the mutant mice exhibit increased expression of Ucp1 and some other thermogenic genes. Upregulated phosphorylation of CREB and P38 MAPK is consistent with the increased browning in iWAT and preadipocytes from the mutant mice compared with those from their wild-type (WT) littermate controls. Our study demonstrates that disruption of PKA-RIIB could activate the browning of white adipocytes, providing theoretical evidence for the important role played by PKA-RIIB in regulating EE.
Methods

Chemicals and antibodies
The antibodies ( Animals PB mice were generated on the Friend Virus B NIH Jackson (FVB/NJ) background and characterized as previously described (17) [ Fig. 1 (B) and 1(C)]. Mapping information for piggyBac insertions in Prkar2b [ Fig. 1(A) ] can be found in the PB mice database (idm.fudan.edu.cn/PBmice). Offspring tail-genomic DNA was extracted and genotyped by polymerase chain reaction (PCR) using 3 primers: (1) 
Measurement of food intake and feeding efficiency
Measurement of food intake was performed in 12-week-old male littermates fed on the NCD and 14-week-old male littermates fed on the HFD when the mice were housed individually. Mean daily food consumption was determined by calculating the amount of food consumed at 24-hour intervals for 7 days. Food intake normalized by body weight of the mice was represented as feeding efficiency.
Determination of energy content in feces
For measurement of energy content in feces, mice were housed individually. Feces were collected for 24 hours and dried for 72 hours at 60°C. The energy density was determined through an adiabatic bomb calorimeter (calorimeter C 5000; IKA-Werke, Staufen, Germany), using benzoic acid as a standard. Results of energy content in feces used in statistical analysis have been normalized by fecal weight.
Indirect calorimetry and physical activity
Oxygen consumption (VO 2 ) and physical activity were determined for male mice at 12 weeks of age with the NCD and 14 weeks of age with the HFD using a Promethion Metabolic Screening system (FG250; Sable Systems International, North Las Vegas, NV), according to the manufacturer's instructions. The animals were acclimated to the system for 20 to 24 hours, and measurements of VO 2 and exhaled carbon dioxide were performed during the next 48 hours. The mice were maintained individually at 24°C under a 12-hour light/dark cycle. Food and water were available ad libitum. Voluntary activity was derived doi: 10.1210/en.2016-1581 press.endocrine.org/journal/endofrom the x-axis beam breaks, which were monitored every 15 minutes.
Body fat measurement
Body fat mass and lean mass were measured in conscious mice using a nuclear magnetic resonance instrument (minispec Body Composition Analyzer; Bruker, Billerica, MA). Mice were then euthanized with CO 2 , and the subcutaneous (inguinal) and visceral (epididymal) fat pads were dissected bilaterally and their weights were recorded.
Determination of serum total cholesterol and triglyceride
Total cholesterol and triglyceride levels were assessed in the serum after a 4-hour fast enzymatically by automatic biochemistry (Cobas C501+6000; Roche Diagnostics, Risch-Rotkereuz, Switzerland) in the Center for Drug Safety Evaluation and Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences.
Intraperitoneal glucose tolerance test and insulin tolerance test
A glucose tolerance test was performed in male littermates after an overnight fast (16 to 18 hours). The glucose concentrations were measured in blood collected by venous bleeding from the tail vein immediately before and 15, 30, 60, 90, and 120 minutes after an intraperitoneal injection of 20% glucose saline solution (2 mg glucose per gram of body weight). An insulin tolerance test was performed in 6-hour (8:00 AM to 2:00 PM) fasting mice. The glucose concentrations were measured by venous bleeding at 0, 15, 30, 60, 90, and 120 minutes after an intraperitoneal injection of human insulin (Eli Lilly, Indianapolis, IN) at 0.5 or 0.75 mU/g for 12-week-old male mice fed on the NCD or 14-week-old male mice fed on the HFD, respectively.
Isolation of stromal vascular fractions and in vitro differentiation
Primary inguinal white fat stromal vascular fraction was obtained by collagenase I digestion from 4-to 6-week-old male FVB/NJ mice, according to the published methods described elsewhere (18) . Primary stromal vascular cells were maintained in Dulbecco's modified Eagle's medium (F12) with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA) at 37°C in a 5% CO 2 environment. Adipocyte differentiation was induced in preadipocyte cultures by treating confluent cells for 48 hours in a medium containing 10% FBS, 0.5 mM isobutylmethylxanthine, 125 mm indomethacin, 2 mg/mL dexamethasone, 5 mg/mL insulin, and 1 nM triiodothyronine with 1 mm rosiglitazone. After 48 hours, the cells were moved to the medium containing 10% FBS, 5 mg/mL insulin, and 1 nM triiodothyronine with 1 mm rosiglitazone. Cells were harvested at day 8 after differentiating.
Histology and immunohistochemistry
Tissues fixed in 4% paraformaldehyde were sectioned after being paraffin embedded. Multiple sections were prepared and stained with hematoxylin and eosin for general morphological observations. Immunohistochemistry staining was performed according to the standard protocol using UCP1 and TH antibodies. Incubation was performed overnight in a humidified chamber at 4°C. The secondary antibodies for immunohistochemistry staining were purchased from Santa Cruz Biotechnology.
Oil red O staining
Dishes were washed twice with phosphate-buffered saline and fixed with 10% formalin for 20 minutes at room temperature. The cells were washed twice in phosphate-buffered saline, stained for 30 minutes at 37°C with a filtered oil red O working solution (0.5% oil red O in isopropyl alcohol), and then washed twice with distilled water and visualized under an inverted microscope.
Quantitative real-time PCR analysis
The total RNA was prepared with the TRIzol (Thermo Fisher Scientific, Waltham, MA) method, according to the manufacturer's instructions. Complementary DNA was prepared from 1 mg of RNA using the Reverse Transcription System (Takara, Kyoto, Japan). Then, 2.5 mL of diluted complementary DNA was used in a 10-mL PCR reaction with SYBR Green Master Mix (AceQ; Vazyme Biotech, Nanjing, China). PCRs were run in triplicate for each sample and analyzed in the Light Cycler 480 Real-Time PCR System (Roche Diagnostics). The relative expressions of the messenger RNAs (mRNAs) were determined after each measurement had been normalized to the 18S RNA level acting as the internal control. All of the primers were synthesized by Sangon Biotech (Shanghai, China). The sequences of the primers used in this study are listed in Supplemental Table 1 .
Immunoblotting
Homogenized tissue and cells were lysed in radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitors. The lysates were clarified by centrifugation at 12,000g for 10 minutes. The protein content of the supernatants was determined with a Protein Quantitative Analysis Kit (Thermo Fisher Scientific). Supernatants were boiled for 10 minutes at 100°C. The protein lysates were separated with sodium dodecyl (lauryl) sulfate-polyacrylamide gel electrophoresis and electroblotted to polyvinylidene fluoride (MilliporeSigma, Darmstadt, Germany). Electrophoresis supplies were from Bio-Rad Laboratories (Hercules, CA). The membranes were blocked and incubated with different antibodies, followed by incubation with horseradish peroxidaseconjugated secondary antibodies (Santa Cruz Biotechnology). Western blot analysis was conducted using enhanced chemiluminescence reagents (Thermo Fisher Scientific), according to the manufacturer's protocol. press.endocrine.org/journal/endoMitochondrial DNA content quantification by quantitative real-time PCR
Genomic DNA was isolated from WAT and BAT from PB and WT mice, respectively. The tissues were homogenized and digested with proteinase K at 55°C overnight in a lysis buffer for DNA extraction by a conventional phenol-chloroform method. The results were calculated from the difference in the threshold cycle values for mitochondrial DNA (mtDNA) and nuclearspecific amplification by quantitative real-time PCR. The data are expressed as mtDNA-specific 16S ribosomal RNA normalized to the nuclear specific gene Sun1. The sequences of the primers used in this study are listed in Supplemental Table 1 .
Statistical analysis
All experiments were performed at least 3 times, and data are expressed as the mean 6 standard error of the mean. GraphPad Prism (GraphPad Software, La Jolla, CA) was used for analysis of variance with 2-tailed Student t test and 2-way analysis of variance. P , 0.05 (2-tailed) was considered statistically significant.
Results
Prkar2b
PB/PB mice are resistant to obesity PB and WT mice were generated as depicted in Figure 1 
PB/PB mice have improved glucose and lipids metabolism Consistent with decreased body weight and body fat content, PB mice exhibited improved glucose tolerance, insulin sensitivity, and lipid metabolism.
We performed an intraperitoneal glucose tolerance test in 12-week-old male littermates receiving the NCD and 14-week-old male littermates receiving the HFD, respectively. After undergoing a 16-hour fast, PB mice showed lower fasting plasma glucose than WT mice [ Fig.  2(B) ]. After receiving an intraperitoneal injection of glucose, the plasma glucose levels of PB mice increased more slowly and cleared more quickly than those of WT mice [ Fig. 2(A) ], and this phenomenon was more obvious in mutants on the HFD than those on the NCD. Additionally, the area under the curve during the intraperitoneal glucose tolerance test in PB mice was lower than that of WT mice receiving both the NCD and HFD [ Fig. 2(C) ].
We analyzed the insulin sensitivity of 12-week-old male littermates on the NCD and 14-week-old male littermates on the HFD by performing an insulin tolerance test. PB mice receiving the HFD exhibited significantly more efficient glucose clearance upon receiving insulin [ Fig. 2 (D) and 2(F)], which indicates that the HFD could induce obesity-related insulin resistance in WT mice, but not PB mice.
Additionally, we examined the total cholesterol and triglyceride levels in serum of the mutants. Indeed, we observed that total cholesterol levels in PB mice were significantly lower than those of WT mice on both the NCD and HFD [ Fig. 2(G) ]. Triglyceride levels of PB mice were also lower than those of WT mice, but the significance was only observed in mice fed on the NCD, which may result from marked variation of mice fed on the HFD [ Fig. 2(H) ]. These data suggest that PB mice have the ability to resist obesity-related metabolic consequences.
PKA-RIIB disruption increases EE
A key factor for controlling energy homoeostasis is the balance between caloric intake and EE. We first examined the alteration in energy intake in PB mice by measuring food intake and fecal energy content. No significant alteration in food intake was observed in 12-week-old PB mice fed on the NCD or 14-week-old mice fed on the HFD [ Fig. 3(A) ]. The body weightnormalized food intake (feeding efficiency) also did not change in PB mice receiving either diet [ Fig. 3(B) ]. In addition, no difference in fecal energy content was found between PB and WT mice receiving either diet [ Fig. 3(C) ]. These data suggest that disrupting PKA-RIIB does not affect energy intake.
We then examined the alteration in EE of PB mice. We measured the 24-hour real-time EE of animals at the age of 12 weeks receiving the NCD and at the age of 14 weeks receiving the HFD, respectively, using the Promethion Metabolic Screening system (Sable Systems International). PB mice showed increased VO 2 and EE when receiving the NCD, and these differences became significant in PB mice receiving the HFD [ Fig.  3(E-H) ]. Carbon dioxide release (VCO 2 ) and respiratory quotients were also evaluated [Supplemental Fig. 2(A-H) ]. EE consists of physical activity, basal metabolism, and adaptive thermogenesis (19) . Therefore, we evaluated physical activity of the mutants. PB mice exhibited slightly increased ambulatory movement, but the difference was not significant [ Fig. 3(D) ], which indicates that an alteration in physical activity does not contribute greatly to the lean phenotype of PB mice. Previous studies also suggest that physical activity changes in PKA-RIIB-deficient mice do not contribute markedly to the lean phenotype (20) . These data indicate that increased thermogenesis may occur in the mutants.
No induction of UCP1 in BAT from Prkar2b PB/PB mice housed at room temperature A previous study indicates that PKA-RIIB KO mice have an increase in UCP1 of BAT (14); thus, we investigated , n = 9; PB/PB, n = 9). FPG was determined after 1 day of fasting for 6 to 8 hours. Basal plasma glucose percentage of male littermates fed on (E) NCD and (F) HFD were calculated as the ratio of plasma glucose level at every time point to the blood glucose level of 0 minutes during the insulin tolerance test. (G) Serum total cholesterol (TC) and (H) serum triglyceride (TG) of 9-week-old male littermates fed on the NCD (n $ 6 for each group) and 14-week-old male littermates fed on the HFD (n $ 7 for each group). Difference in glucose level during (A) intraperitoneal glucose tolerance test and (D) insulin tolerance test between +/+ and PB/PB mice was analyzed by 2-way analysis of variance for each diet. Analysis performed in figure parts (B), (C), and (E-H) was 2-tailed Student t test. Significant differences between +/+ and PB/PB mice fed on NCD are indicated by *, and # indicates significant differences between +/+ and PB/PB mice fed on HFD.
doi: 10.1210/en.2016-1581 press.endocrine.org/journal/endoalterations in BAT from PB mice at the age of 9 weeks. No obvious morphological change was found in adipocytes in BAT from PB mice [Supplemental Fig. 3(A) ]. Meanwhile, neither UCP1 nor PGC1a was upregulated [Supplemental Fig. 3(B) ]. No change in mRNA level of Ucp1 or Pgc1a was observed in the mutant BAT [Supplemental Fig. 3(D) ]. Mitochondrial biogenesis as determined by mtDNA copy number was upregulated in BAT from PB mice; however, the difference was not significant [Supplemental Fig. 3(C) ]. Consistently, the expression of mitochondrial synthesis and oxidationrelated genes was not upregulated in BAT from PB mice [Supplemental Fig. 3(D) ]. In addition, no obvious alteration was observed in PKA activity and the phosphorylation of P38 and CREB from the mutant BAT [Supplemental Fig. 3(E) and 3(F) ]. All of these data were obtained from mice housed at room temperature (RT; 22°C), which is the industry-standard temperature considered to activate BAT and beige adipose. We intended to observe thermogenesis in the mutant BAT in the thermoneutral zone (TNZ; 30°C), which suppresses sympathetic tone and BAT-induced thermogenesis in mice (21) . Male littermates at the age of 8 to 10 weeks were housed in the TNZ for 1 week. Interestingly, the level of UCP1 in BAT from PB mice was significantly higher than that from WT mice under TNZ conditions [Supplemental Fig. 3(G) ]. However, there was no significant difference in mRNA level of Ucp1 from BAT of PB vs WT mice [Supplemental Fig. 3(H) ]. The mtDNA copy number was higher in BAT from PB mice than that from WT mice; however, the difference was not significant [Supplemental Fig. 3(I) ]. The measurement of energy content of feces has been described in the methods section, and it indicates lipids absorption of mice. (E, F) EE was evaluated by measurement of VO 2 and carbon dioxide release (VCO 2 ) in 12-week-old male littermates fed on NCD and (G, H) 14-week-old male littermates fed on HFD. EE per animal was calculated as described in the methods section. EE, expressed as kcal kg 21 h 21 , has been normalized by body weight. Adjacent bar graphs represent the average for each group. Values represent mean 6 standard error of the mean (SEM); error bars represent SEM, and significant differences between +/+ and PB/PB mice fed on HFD are indicated by * (assessed by Student t test).
Induced browning of inguinal WAT in
Prkar2b
PB/PB mice Results in BAT induced us to investigate whether PKA-RIIB deficiency could promote browning in WAT. We observed alterations in iWAT from PB mice housed at RT at the age of 9 weeks . Reduced iWAT mass [ Fig. 1(G) ] was consistent with smaller adipocyte size [ Fig. 4(A) , upper panel] in PB mice. As shown in Figure 4(A) (lower panel) , by performing UCP1 immunohistochemistry, we determined that the iWAT of PB mice was accompanied by a profound morphological transformation toward a BAT-like phenotype, which is observed in numerous clusters of UCP1 expressing multilocular adipocytes under basal conditions. Immunoblotting analysis showed that iWAT from PB mice had higher levels of specific BAT proteins such as UCP1 and PGC1a [ Fig. 4(B) ]. Mitochondrial biogenesis was fourfold press.endocrine.org/journal/endohigher in iWAT from PB mice than that from WT mice [ Fig. 4(C) ]. Consistently, the expression of mitochondrialrelated genes was markedly increased in iWAT from PB mice compared with WT mice. Increased expression of key transcription factors related to thermogenesis, BAT markers, and beige markers occurred in iWAT from PB mice [ Fig. 4(D) ]. Then, we used an antiphosphorylated PKA substrate antibody to evaluate the activity of PKA in iWAT from PB mice, which could reflect the actual PKA activity in vivo. In iWAT from PB mice, we observed an increase in the level of phosphorylated PKA substrate [ Fig. 4(E) ], which could be the result of increased sympathetic outflow to iWAT and increased activity of PKA holoenzyme in adipose tissue. We next investigated the sympathetic input to adipose tissue by evaluating the level of TH, which is the ratelimiting enzyme in catecholamine synthesis and a marker of sympathetic innervations (22) . TH was elevated in the iWAT from PB mice [ Fig. 4(F) ], suggesting that PKA-RIIB deficiency may augment the sympathetic input to iWAT and activate browning. Additionally, we found an increase in PKA-RIA [ Fig. 4(G) ]. PKA-RIA almost entirely replaces lost PKA-RIIB in mutant mice, in which an isoform switch from PKA type II to PKA type I is generated (14) . PKA type I is considered to be more easily activated than PKA type II under basal conditions; thus, the isoform switch indicates increased basal activity (14) . Consistent with the increased phosphorylated PKA substrate, we observed increased phosphorylation levels of P38 MAPK and CREB [ Fig. 4(G) ], both of which are key proteins in the downstream of PKA and have been established to be key elements in promoting UCP1 expression (2). These results indicate that the thermogenesis in iWAT from PB mice is activated under RT conditions. We also observed iWAT under TNZ conditions, and the activated thermogenesis in iWAT from PB mice was not suppressed by the TNZ [Supplemental Fig. 4(A-C) ]. Additionally, increased thermogenesis was also observed in PB mice fed on HFD [Supplemental Fig. 4(D-G) ].
Induced browning of epididymal WAT in Prkar2b PB/PB mice The inguinal fat pad represents subcutaneous fat, whereas the epididymal fat pad represents visceral fat (23) . The propensity to accumulate beige cells might be different between the 2 kinds of WAT deposits. Therefore, we investigated alterations in eWAT from PB mice at the age of 9 weeks housed in RT conditions as well. PKA-RIIB deficiency dramatically upregulated the mRNA level of Ucp1 in eWAT [ Fig. 5(D) ], and the size of adipocytes in eWAT from PB mice were smaller than those from WT mice [ Fig. 5(A), upper panel] . An increase in phosphorylated PKA substrate was observed in eWAT from PB mice [ Fig. 5(E) ]. Consistently, increased phosphorylation levels of P38 MAPK and CREB were observed [ Fig. 5(F) ]. However, morphological brownlike adipocytes were not seen in eWAT [ Fig. 5(A) , lower panel], and UCP1 could not be detected by immunoblotting in either group [ Fig. 5(B) ]. Except for Ucp1, only 2 thermogenic genes (Dio2 and Elovl3) were upregulated in the eWAT from PB mice [ Fig. 5(D) ], and mitochondrial biogenesis was not changed in PB mice [ Fig. 5(C) ]. These results suggest that PKA-RIIB deficiency induces thermogenesis in the absence of morphological brownlike adipocytes in eWAT.
PKA-RIIB deficiency upregulated thermogenesis in primary white adipocytes
The increased thermogenesis in iWAT from PB mice seems to be the result of interaction between the increased sympathetic outflow to iWAT and the increased level of PKA-RIA. Increased sympathetic input in iWAT has been established to be associated with increased thermogenesis in iWAT (2); however, we were also interested in whether PKA-RIIB deficiency could induce thermogenesis by induction of PKA-RIA through cell autonomous mechanisms. Therefore, to investigate whether all of the alterations in gene expression that were observed in mutant iWAT could mediate by a direct effect, fractionated and differentiated primary iWAT adipocytes from 4-to 6-week-old male PB and WT mice were tested [ Fig. 6(A) and 6(D) ]. We observed a strong activation in BAT marker genes (Pgc1a and Ucp1), transcription factors (Prdm16 and c/ebp b), and beige markers (Cd137 and Tbx1) in primary iWAT adipocytes from the mutants [ Fig.  6(E) ]. Mitochondrial content [ Fig. 6(C) ], PGC1a, and UCP1 [ Fig. 6(B) ] were upregulated in the primary iWAT adipocytes from the mutant mice. Increased levels of phosphorylated PKA substrate and PKA-RIA were observed in primary iWAT adipocytes from the mutants [ Fig. 6(F) and 6(G) ], as well as the phosphorylation of P38 MAPK and CREB [ Fig. 6(G) ]. These results indicate that PKA-RIIB deficiency could promote thermogenesis by upregulating phosphorylative CREB and P38 MAPK through cell autonomous mechanisms.
Discussion
In this study, we observed resistance to diet-induced obesity, improved glucose metabolism, increased EE, and markedly upregulated browning of WAT in PKA-RIIB-deficient mice. PKA-RIIB exists in adipose tissue and the central nervous system (CNS). Disruption of PKA-RIIB resulted in increased sympathetic input in iWAT as well as upregulated phosphorylation of P38 MAPK and CREB in iWAT. In addition, primary preadipocytes in iWAT from PB mice exhibited increased thermogenesis after being differentiated to be mature adipocytes compared with those from WT mice. Increased thermogenesis in WAT is considered to be associated with decreased body weight and improved metabolic state (2) . Therefore, our study implies that PKA-RIIB deficiency may make a contribution to body weight loss by activating thermogenesis in WAT.
The increased thermogenesis in iWAT from PB mice may result from both alterations in the brain and adipocytes-in other words, increased thermogenesis is the result of interaction between the CNS and peripheral tissues. Recently, scientists reported hypersensitivity of leptin in hypothalamic g-aminobutyric acid (GABA)ergic neurons in PKA-RIIB KO mice (24) . Leptin action on GABAergic neurons reduces the inhibitory tone to proopiomelanocortin neurons (25) , whereas hypersensitivity of leptin in proopiomelanocortin neurons is associated with upregulated sympathetic outflow to iWAT press.endocrine.org/journal/endo (9) . Administration of leptin to the hypothalamus can upregulate Ucp1 mRNA expression in BAT and WAT through central modulation of sympathetic nervous system outflow (26) . According to these previous studies, we speculate that leptin hypersensitivity in the hypothalamus may upregulate the browning of iWAT through an increase in sympathetic outflow in PB mice. Consistent with this speculation, we observed slightly increased expression of TH in iWAT from PB mice. Further investigation will be required to clarify whether the CNS takes control in inducing browning of iWAT in mutant mice, or whether this browning depends primarily on the sympathetic nervous system. The interesting observation in our research is that PKA-RIIB deficiency in primary white preadipocytes can induce thermogenesis, whereas previous studies established that PKA-RIIB deficiency in adipose tissue does not contribute greatly to the lean phenotype of the mutant mice (20) . Increased thermogenesis in white adipocytes has been established to be associated with decreased body weight and an improved metabolic state in many mice models; this topic has been reviewed before (2) . However, in some cases, the browning of WAT and a highly correlated improvement in glucose tolerance seem disproportional to the modest effect on body weight (7, 27) . In other words, the ability of browning to improve glucose tolerance could be independent of body weight. Therefore, it is not precise to conclude that PKA-RIIB deficiency in adipocytes makes no contribution to an improved metabolic state, solely on the basis of the observation that it cannot result in markedly decreased body weight. In our study, isolated primary preadipocytes in iWAT from PB mice exhibited an increase in thermogenesis, which implies that disruption of PKA-RIIB in adipocytes may contribute to increased browning in iWAT. However, selective disruption of PKA-RIIB in adipose tissue is still needed to clarify whether PKA-RIIB deficiency in adipocytes is enough to induce increased browning of WAT and an improved metabolic state. A precise mechanism whereby PKA-RIIB deficiency in white adipocytes results in increased thermogenesis remains to be determined. Our research in vitro indicates that PKA-RIIB deficiency could upregulate phosphorylation of CREB and P38 MAPK. These observations could be the result of the increased activity of PKA in adipocytes. In iWAT from PB mice, a compensatory increase in PKA-RIA replaces the loss of PKA-RIIB and results in an isoform switch from PKA type II to PKA type I (14, 28) , which could result in the holoenzyme being more sensitive to cAMP and exhibiting higher activity. Recently, Dickson et al. (29) demonstrated that enhanced PKA activity in adipose tissue can induce UCP1 and improve metabolic health. In addition, increased PKA-RIA has also been reported to be associated with induction of browning in WAT in other studies (8, 30) . However, we also found that an increased level of PKA-RIA is not always associated with increased PKA activity. For instance, the pathway downstream of PKA was not activated in BAT from PB mice in our study. The pathway downstream of PKA, represented by phosphorylation of CREB, exhibited an even lower level of activation in the hypothalamus of PKA-RIIB KO mice (24) . Given that PKA type I is considered to be more easily activated than PKA type II under basal conditions, that observation demonstrates increased basal activity (14, 28) . However, disruption of PKA-RIIB results in a decreased level of the catalytic subunit, which leads to decreased total PKA activity (14, 28) . That is the reason that PKA extracted from mutant mice shows lower activity after treatment with a higher concentration of cAMP (14) . Therefore, the actual activity of PKA in vivo is determined by the nature of the holoenzyme itself and the environment in which the enzyme is located. This speculation partly explains why we observed no increase in the level of phosphorylated PKA substrate in BAT from our PB mice, because different tissues have different concentrations of cAMP (31) . Additionally, there may be some other mechanism whereby UCP1 was upregulated in WAT from PB mice. Consistent with our observation in BAT from PB mice, PKA-RIIB KO mice have an increase in UCP1 protein levels in BAT in the absence of an induction of Ucp1 mRNA, which could be caused by either an increase in the synthesis or stability of the protein (32) . This posttranscriptional effect may also exist in WAT of PB mice. Changes in PKA subunit composition may also alter PKA holoenzyme localization to specific signaling complexes, because PKA-RIIB has a much higher affinity for anchoring proteins than PKA-RIA (33) .
Ucp1 mRNA was dramatically increased in eWAT from PB mice, although the levels of thermogenic gene expression were far lower in eWAT than in iWAT. However, PKA-RIIB deficiency can drive a program of brownlike adipocyte formation only in iWAT. The propensity to accumulate beige adipocyte might be different between the 2 kinds of WAT deposits. For instance, sympathetic input in iWAT is higher than that in eWAT (34) , which makes iWAT more easily inducible to browning. Previous studies have reported that brown adipocytes can be induced in eWAT of transgenic animals in response to a strong pharmacological b-adrenergic stimulus (35) . The increased expression of Ucp1 in eWAT of PB mice may have been insufficient to induce a brownlike adipocyte formation in eWAT.
PKA-RIIB disruption induces an obvious browning in WAT; however, whether browning of WAT is primarily responsible for the leanness and the improved metabolic state of PB mice is unknown. This important question should be clarified in future studies. Nevertheless, our findings raise the intriguing possibility that downregulation of PKA-RIIB in adipose tissue may activate thermogenesis, a process that could potentially be used as therapy for obesity and related metabolic disorders. Use of mitochondrial uncoupling, for instance, with the chemical uncoupler 2,4-dinitrophenol, has been tried as a weight-loss therapy (36) . However, upregulated respiratory uncoupling in all cells causes dangerous side effects (36) . Thus, strategies that enhance respiratory uncoupling selectively in adipose tissue should be safe. Considering that PKA-RIIB is most abundant in adipose tissue and the CNS, creating small molecule drugs that target PKA-RIIB and cannot penetrate the blood-brain barrier may provide a potential safe therapy for type 2 diabetes mellitus and other metabolic disorders. 
